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HYDRAULIC MODEL STUDIES OF MARTIN 
DAM DRAFT TUBES 


By CARL E. KINDSVATER,' M. ASCE, AND 
R. R. RANDOLPH, JR.? 


1 Prof. of Civ. Eng., Georgia Inst. of Technology, Atlanta, Ga. 
2? Hydr. Engr., Southern Services, Inc., Birmingham, Ala. 


SyYNoPsIS 


Unusual performance characteristics were revealed by turbine acceptance 
tests made at the Martin Dam power plant in Alabama in 1927. Undesirable 
characteristics were subsequently shown to be related to flow conditions in the 
draft tubes. Asa result of model tests made in 1928, the draft tubes were modi- 
fied by installing a half-cone fillet in the heel of each tube. Field tests indicated 
that this structural modification had corrected the original deficiency. In 
1951, however, divers inspected the draft tubes and reported that the fillets 
installed in 1928 had been destroyed in two of the three original units. In the 
third unit, the fillet was badly damaged. 

Following the report of damage to the remedial structures in the draft 
tubes, additional model studies were made in the hydraulics laboratory of the 
Georgia Institute of Technology at Atlanta. It was the purpose of these tests 
to develop a structural modification that would correct the undesirable turbine 
characteristics and that could be expected to remain in place for the life of the 
project. 

The problem at Martin Dam is described, the early tests and field experi- 
ences are reviewed, and the results of the latest model studies (1951-1952) are 
presented. The theory underlying draft-tube tests is treated briefly, and sig- 
nificant features of the laboratory apparatus are described. 


BacKGROUND 


Description of the Project—The Martin Dam hydrolectrie plant is a medium- 
head storage project in the Alabama Power Company system. It is located on 
the Tallapoosa River, near Tallassee, Ala. The plant began operation in 1926, 
with an initial installation of three 35,000-kw generating units. A fourth unit 
was installed in 1951 but is not involved in this discussion. 
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The hydraulic turbines at Martin Dam are of the conventional American- 
Francis variety, rated at 45,000 hp, a 145-ft head, and 120 rpm. The three 
turbines were purchased from two different manufacturers, but the draft tubes 
for the three units are identical. Fig. 1 shows a typical section through the 
intake and powerhouse, and in Fig. 2 general details of the original draft tubes 
are shown. 

Turbine Efficiency Tests (1927).—In July, 1927, turbine acceptance tests 
were made on the Martin Dam units. The Gibson method of measuring dis- 
charge was used. The results indicated unusual characteristics in all three 
turbines. Tests on two units (designated Units 2 and 3), furnished by the same 
manufacturer, showed an abnormal drop in efficiency of about 2% between gate 
openings of 0.80 and 0.90. Tests on Unit 1, furnished by a different company, 
indicated a drop in efficiency of approximately 3% at a somewhat smaller gate 
opening. 

Fig. 3(a), adapted from the acceptance test report, shows a part of the plant 
efficiency curve for Unit 2. Fig. 3(6) shows a generator output curve based on 
the same tests. The two curves deviate in a similar manner over a range of 
loads which would normally include the point of best efficiency. Observers 
also reported evidence of unit instability, noise, and vibration in all the units 
when operated between ‘‘best gate’ and “full load.” 

Immediately after the acceptance tests the power company, in cooperation 
with the turbine manufacturers, began an investigation to determine the cause 
of, and a remedy for, the undesirable performance characteristics revealed by 
the tests. 

Early Model Tests.—The demonstrated similarity in the behavior of the 
turbines furnished by different manufacturers was evidence that their common 
troubles could be traced to the water passages leading to or from the turbines. 
Although the intake was of conventional design, the draft tube was not. Thus, 
subsequent to the acceptance tests, both turbine manufacturers made labora- 
tory tests in which models of their runners were equipped with scale models of 
the Martin Dam draft tube. The Alabama Power Company, which at that 
time maintained a hydraulics laboratory under the direction of Iv A. Winter, 
also made tests on the draft tube. The company model, however, was not 


equipped with a runner. Previous tests,? made on similar models and con- 
3“‘Comparative Tests on Experimental Draft-Tubes,"’ by C. M. Allen and I. A. Winter, Transactions, 


ASCE, Vol. LXXXVII, 1924, p. 893. 
firmed by prototype observations, had shown that the relative influence of 
draft-tube behavior on turbine performance could be predicted on the basis of 
the hydraulic efficiency of the draft tube. 

The model tested by the power company was constructed to a scale of 
1:37.5. It consisted of a wooden draft-tube model and an entrance section 
equivalent to the turbine speed ring or distributor. In order to simulate the 
effect of whirl in the water discharged from the runner, fixed-position vanes 
were placed in the distributor. Different degrees of whirl were produced by 
means of different vane assemblies. 

All the tests, including those made by the manufacturers on model turbines 
and those made by the power company, confirmed the conclusion that the draft 
tubes were responsible for the undesirable characteristics revealed by the 
Martin Dam turbine acceptance tests. As a result, an economical structural 
modification which would remedy the apparent deficiency was sought. The 
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alteration finally adopted consisted of placing a concave half-cone fillet in the 
heel of the original tubes. The outline of the remedial structure is shown by 
the heavy dashed lines (Design A) in Fig. 2. 

The model tests made by the manufacturers, involving model turbines and 
the original draft tube, did not clearly demonstrate the peculiar irregularity 
near best gate that had been observed in the acceptance tests. However, they 
plainly indicated a general increase in efficiency and output with the proposed 
fillet installed in the draft tube. Tests on the power company’s hydraulic 
model showed that there was a general improvement with the fillet in place 
and also that the draft-tube effciency was critically related to the whirl imposed 
on the flow at the entrance. In fact, tests on the original Martin Dam draft 
tube showed that the efficiency at zero whirl (axial flow) might be as much as 
7% \ess than that for a whirl resulting from a 15° deflection at the speed ring. 

The residual whirl in the discharge from a given turbine is directly related 
to the discharge and the guide-vane angle. Furthermore, under design condi- 
tions of operation, the discharge from an ideal turbine may be presumed to have 
essentially zero whirl at best gate. Considering the energy involved in the 
work of the draft tube at Martin Dam, however, the 7% drop in draft-tube 
efficiency indicated by the hydraulic model tests at zero whirl did not fully 
explain the abrupt 2% or 3% drop in plant efficiency shown by the acceptance 
tests at best gate. It was nevertheless apparent that the over-all increase in 
draft-tube efficiency that would result from the proposed draft-tube modifica- 
tion would justify its installation in the prototype. 

Structural Alterations and Field Tests (1928).—In March, 1928, eight months 
after the turbine acceptance tests, the structural modification developed by the 
model tests was installed in the Martin Dam draft tubes. The half-cone fillets, 
the outlines of which are shown in Fig. 2, were formed of }-in. steel plate. Lach 
fillet consisted of nine sector-like plate segments, which were assembled and 
riveted together inside the draft tube as it was installed. Design drawings 
indicate that the fillets were fastened to the concrete of the original structure by 
lead cinch anchors. The steel shells were backfilled with concrete. 

Immediately after the installation of the draft-tube modification in 1928, 
field tests were made for comparison with fhe results of the acceptance tests. 
As discharges could not be accurately measured without repeating the Gibson 
tests, the comparison was based on generator output curves instead of effici- 
ency curves. Such a comparison for Unit 2 is shown in Fig. 3(b). It is ap- 
parent from the curves that the effect of the draft-tube alteration was to remove 
the irregularity observed previously at the large gate openings. Generator 
output was increased over the entire range from 0.75-gate to full gate. The 
maximum increase, about 700 kw, occurred at about 0.85-gate. Thus, the 
field tests confirmed the indications of the models. 

Inspection and Field Tests (1951).—In connection with the installation of a 
fourth generating unit at Martin Dam in May, 1951, divers were directed to 
inspect the draft tubes of the three original units. The divers reported that 
the half-cone fillets in the draft tubes of Units 2 and 3 had completely disinte- 
grated. The main structure of the tubes was not damaged, except where the 
einch anchors had been removed. In Unit 1, a large part of the fillet remained, 
although a part of the steel shell was missing and the concrete backfill had been 
damaged. 
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Plant operation records do not show when the draft-tube fillets in Units 2 
and 3 were destroyed. It is reasonable to assume, however, that the destruc- 
tion process was gradual, as indicated by the partial damage discovered in 
Unit 1. 

Following the divers’ report concerning the condition of the draft tubes, 
field tests were again undertaken on Unit 2 for comparison with the tests made 
immediately before and after the installation of the fillet. The results, shown 
in Fig. 3(6), agree remarkably with the observations made twenty-four years 
earlier during the acceptance tests. It was also noted at this time that the 
instability, noise, and vibration reported earlier had been characteristic of 
performance in recent years. During an inspection by the writers, it was 
demonstrated that the thundering noises and vibration experienced at the 
larger gate openings were accompanied by “light flashes” in the tailrace im- 
mediately below the end of the draft tube. Under similar circumstances such 


flashes have been explained‘ as evidence of shock waves; in this case, they were 


1045, Md -\peeneee of ‘Flashes’ at Outlet of Sluices,"’ by Carl E. Kindsvater, Civil Engineering, Vol. 15, 
5, p. 565. 


probably generated in the draft tube. 

The Martin Dam plant is operated at a comparatively high load factor. 
The turbines are normally operated between best gate and full load. It was 
again apparent, therefore (as it had been in 1927), that the loss of efficiency 
and capacity due to the draft tube would justify investigation and correction. 
Thus, arrangements were made for additional hydraulic model tests to develop 
an effective and durable draft-tube modification. 


Mopet Tests aT GeorGiA INSTITUTE OF TECHNOLOGY 
Description of the Model.—The latest model tests on the Martin Dam draft 


tubes were made in the hydraulics laboratory of the School of Civil Engineering 
of the Georgia Institute of Technology at Atlanta. These tests, like those 
conducted earlier in the laboratory of the power company, were concerned 
exclusively with the hydraulics of the draft tube. 

The draft tube for the Georgia Tech model was built to a seale of 1:25. At 
this scale the diameter of the circular throat section is 6 in., the over-all length 
from heel to outlet is 25.4 in., and the gross inside width at the outlet is 21.2 in. 
To facilitate study of the flow pattern, the entire tube was constructed of trans- 
parent plastic. In order that it could be disassembled easily, the tube was 
provided with a flanged longitudinal joint. Piers in the horizontal leg of the 
tube were constructed of wood. At its discharge end it was flange-connected 
to an open flume with a width equivalent to the unit spacing in the prototype. 
Tailwater-depth control was provided in the flume by a hinged end gate. Fig. 
4 shows the general arrangement. 

In the Georgia Tech model, no part of the turbine above the top of the draft 
tube was reproduced. However, to simulate the effect of runner-discharge 
whirl, manually adjustable deflection vanes were placed in a short section of 
6-in. plastie pipe immediately above the draft tube. An external shift-ring, 
connected to the vane axles, provided for their simultaneous adjustment to any 
angle from 0° to 35°, right or left. (This angle is measured with respect to the 
axis of the tube.) Check tests made-repeatedly during the laboratory investi- 
gation indicated that the vane settings could be duplicated accurately. Fig. 5 
is a photograph of the vane assembly. 
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Water was supplied to the model from the laboratory's constant-head re- 
circulating system, and discharges were measured by a bend meter in the 
approach piping. The piezometric-head difference between the draft-tube 
throat and tailwater level was measured by means of a zero-displacement 
manometer mounted on a hook-gage staff. 

Theoretical Considerations.—The draft tube of an hydraulic turbine has two 
principal functions: (1) It makes possible placing the turbine above normal 
tailwater level without a corresponding loss of potential energy; and (2) it 
makes possible the use of relatively small, high-speed turbines without an ex- 
cessive loss of kinetic energy. The latter function is ordinarily the more im- 
portant. As an example of a common hydraulic device, the draft tube is a 
diffuser, the primary duty of which is to convert high velocities to low velocities 
with a minimum loss of flow energy. It follows that, in general, the best draft 
tube is the most efficient diffuser. 

Fig. 6 is a definitive sketch for a discussion of draft-tube efficiency in terms 
of the one-dimensional (Bernoulli) energy equation. Under ideal conditions— 
that is, assuming no loss of energy between Section | at the throat and Section 
3 in the tailrace—the difference in piezometric heads (hs; — h,) would be equal 
to the corresponding difference in velocity heads. Therefore, from the Ber- 
noulli equation and the equation of continuity, 


(1) 


in which A is as defined in Fig. 6., A is the area of the flow cross section, and V 
is the average velocity (ratio of total discharge to total cross-sectional area). 
When real fluids flow in a real draft tube, however, energy losses result from 
viscous and turbulent shear. Thus, the left side of Eq. 1 is diminished by an 
amount equal to H_, the total energy-head loss. If H , is assumed to consist 
of (1) a boundary friction loss designated H,(;_3); (2) an expansion loss in the 
tube, Hz—2); and (3) an expansion loss between the end of the tube and the 
tailrace, Hz2-3) then 


Hr = Hya-s + + (2) 


Each of the terms on the right side of Eq. 2 can be expressed as a function of 


V4 


Thus, the total loss can be written as 


Eq. 3, when substituted in Eq. 1, gives for real fluids 


From dimensional considerations, A; is a function of the Reynolds number, 
R, the geometry cf! the fixed boundaries, and the entrance flow conditions. 
The Froude number is not involved. Whereas a free surface does exist, namely, 
between Sections 2 and 3, the effect of gravity on this portion of the flow pattern 
is largely removed by the condition of submergence. Thus, for any given set 
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of entrance conditions (in this case including the residual whirl of the water 
leaving the turbine runner), the ratio of the piezometric-head difference to the 
throat velocity-head is a function of the boundary geometry, including the area 
ratio, A,/A;, and the Reynolds number, or— 


in which n is a dimensionaless piezometric-head ratio and a measure of draft- 
tube efficiency. This relationship is made more apparent by substituting for 
(As — h,) the equivalent expression from the Bernoulli equation, 


V2, 


29 


From Eq. 6, 7 is the ratio of the energy recovered by the draft tube to the 


ro 


energy available at the throat. The term x: in Eq. 6 approaches zero for 


small values of the area ratio, which is the case for most draft tubes. For this 
condition, 7 is equivalent to both the ‘pressure efficiency” and the “energy 
efficiency” as defined elsewhere.’ Furthermore, as defined by Eq. 5, 7 is a 


5 “Effect of Entrance Conditions on Diffuser Flow,”’ by J. M. Robertson and Donald Ross, T'ransac- 
tions, ASCE, Vol. 118, 1953, pp. 1068-1091. 


piezometric-head coefficient proportional to the reciprocal of the Euler number.® 


a 6Elementary Mechanics of Fluids,”’ by Hunter Rouse, John Wiley & Sons, Inc., New York, N. Y., 
046, p. 61. 


It follows that 7 is also proportional to the common discharge coefficient. 

Eq. 5 shows that two conditions must be satisfied in order that a draft-tube 
model indicate correctly the efficiency of the prototype: (1) The model must be 
geometrically similar to the prototype, and (2) the Reynolds numbers must be 
identical in the model and prototype. The second condition requires that 
velocities vary directly with the kinematic viscosity of the fluid and inversely 
with a suitable length parameter. Thus, in the present instance, involving a 
model-prototype length scale of 1:25 and a model fluid that is the same as that 
in the prototype, model velocities would have to be twenty-five times the cor- 
responding velocities in the prototype. As an example of the extremely high 
velocities involved: Corresponding to a prototype discharge of 2,500 cu ft per 
sec, the model discharge would be 100 cu ft per sec and the model velocity, in 
the throat, 510 ft per sec. 

Obviously, the second condition for similarity cannot be satisfied under 
ordinary laboratory conditions. Fortunately, however, it can be anticipated 
that (as in the case of orifice and venturi-tube coefficients, for example) the 
efficiency ratio, n, will be independent of the influence of viscosity at the high 
Reynolds numbers and the fully developed turbulence which characterize flow 
through draft tubes. Furthermore, on the basis of experimental data? on 

Ibid., p. 256. 
orifices and venturi tubes, it can be assumed that Reynolds numbers obtainable 
in the laboratory will be high enough to include the range in which the effects 
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of fluid viscosity can be ignored. In any case, the proof of this assumption 
depends on evidence obtained in the laboratory under the maximum possible 
range of model discharges. If exploratory tests show that the Reynolds- 
number influence cannot be ignored, it is customary to attempt an approximate 
analytical correction to the model test results. An example of this procedure is 
given by the well-known step-up formulas for turbine model tests. It should 
be emphasized, however, that the relative effect of experimental changes in 
certain minor geometric features frequently can be determined on the basis of 
qualitative model tests run at a constant Reynolds number which is consider- 
ably less than that of the prototype. 

Test Procedure.—An initial step in developing a test procedure for the 
Martin Dam draft-tube studies was to evaluate the effect of the Reynolds num- 
ber on the efficiency ratio, 7. This was accomplished by making tests at vari- 
ous velocities up to the maximum attainable with the laboratory apparatus. 
Fig. 7 shows the results of a series of such tests made on modification Design A 
(1928). A seale of values of the Reynolds number, based on an approximate 
value of kinematic viscosity equal to 1 X 10° sq ft per sec, is shown opposite the 
scale of velocities. The different curves in Fig. 7 correspond to various de- 
flection-vane positions. (Deflection angles, in degrees, were measured as the 
acute angles between the vanes and the axis of the tube (Fig. 5).) All the 
curves in Fig. 7 show a tendency for 7 to remain constant for all values of R 
exceeding 3 X 10°. As was anticipated, the curves have a form similar to 
those represeating the effect of R on venturi-tube and orifice coefficients.’ 

The results shown in Fig. 7 indicate that dynamic similarity of model and 
prototype draft tubes can be achieved without attaining identical values of R. 
Exploratory tests also demonstrated that more consistent results could be 
obtained at the lower test velocities. Thus, a constant velocity of approxi- 
mately 7 ft per sec (R = 3.5 X 10°) was selected as the standard for most of 
the subsequent tests. 

Tests to determine the effect of tailwater level indicated that » would be 
unaffected as long as the end of the draft tube was submerged. In all the sub- 
sequent tests, therefore, the tailwater was set at normal level. 

Another step in developing and evaluating the test procedure consisted of 
verifying the results of the earlier n.odel tests and prototype experiences with 
regard to the original draft-tube design and the 1928 modification (modification 
Design A). Fig. 8(a) is a photograph of the disassembled model with Design A 
in place. Fig. 9(a) shows the results of efficiency tests on this setup. Also 
shown in Fig. 9(a) are the results of tests made on the original draft-tube design. 
The effect of whirl is indicated by the variation of n as the deflection-vane angle 
is varied. Although whirl created in this manner is not directly comparable 
to that in the discharge from a turbine at various gate openings, the relative 
influence of whirl on draft-tube efficiency is nevertheless shown by these re- 
sults. Thus, tests on the original design show a marked deficiency in per- 
formance at a deflection angle of 0° corresponding to zero whirl or axial flow. 
This is logically interpreted as meaning that the efficiency of the turbine would 
be adversely and proportionately affected at best gate. It also confirms the 
acceptance tests and the model tests made by the power company in 1928. 

Comparison of the two curves in Fig. 9(a) shows that the effect of modifica- 
tion Design A is to increase the efficiency of the draft tube over the full range of 
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deflection angles, from 0° to 35°. The maximum benefit from this modification 
occurs at an angle of 0°. At this point the gain in efficiency due to Design A 
is approximately 22%, which corresponds to a proportional gain in turbine 
efficiencies of about 2%. This benefit is sufficient to explain the irregularity 
in the acceptance test curve (Fig. 3(a)) and the smoothing effect of the 1928 
modification on the capacity curves (Fig. 3(b)). It was explained previously 
that the earlier model, tests showed a maximum gain of only 7% efficiency, 
which was not sufficient to explain the full beefit of the modification as shown 
by the subsequent field tests. Thus, tests made on the new model were judged 
to confirm the acceptance tests and the field capacity tests and to compare 
favorably with the previous model tests. 


Test RESULTS 


Observations on the Flow Pattern.—Distinctive features of the Georgia Tech 
model included a fully transparent draft tube and other provisions for observing 
the flow pattern. As shown in Fig. 5, four small stagnation tubes were inserted 
in the model through glands that permitted the tips of the tubes to be moved to 
almost any point in the flow cross section. Thus, a dye solution or a stream of 
air introduced through these tubes could be used to trace the flow throughout 
the model. As shown in Fig. 4, the bottom of the model was approximately 
4 ft above the floor of the laboratory, thereby facilitating observations of the 
flow pattern. 

Observations made during the preliminary tests showed that the unusual 
flow conditions in the original draft tube were caused by the excessive rate of 
enlargement of the width of the vertical leg of the tube (Fig. 2). Thus, for 
axial flow conditions, separation occurs along the side boundaries of the tube 
and little deceleration takes place until the water strikes the bottom of the tube. 
Unstable eddies fill parts of the vertical leg and the heel-corner regions of the 
bottom. High-velocity currents along the bottom are deflected into the two 
outer passages of the horizontal leg, and dead water fills the upper regions of 
the center passage. When the deflection vanes impose an initial whirl on the 
water entering the tube, the resulting normal acceleration causes the live stream 
to be guided more effectively by the fixed boundaries. For small degrees of 
whirl, therefore, the flow is caused to decelerate in the vertical leg, the eddy 
losses resulting from the impact and abrupt enlargement at the bottom are 
proportionately decreased, and the efficiency of the tube is increased. This 
apparently accounts for the large difference between efficiencies corresponding 
to deflection angles of 0° and 7.5°, as indicated by Fig. 9(a). 

With modification Design A placed in the heel of the tube, the flow is 
deflected to the front and sides of the vertical leg and into the center passage, 
in addition to the two outer passages of the horizontal leg. The eddy zones 
are more stable and are considerably reduced in size. Strangely, the principal 
benefit from this modification appears to be caused by the “‘reflection’”’ of the 
flow off the face of the conical fillet. Subsequent tests on fillets of various 
shapes and sizes confirmed the observation that no appreciable part of the gain 
in efficiency shown by the comparison in Fig. 9(a) was a result of the constric- 
tion imposed on the area of the vertical leg of the tube. 
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Scope of the Tests.—Verification tests made on the Georgia Tech model 
confirmed the conclusion based on earlier laboratory and field tests that the 
draft-tube modification installed in 1928 would correct the principal deficiencies 
of the original design. Measured efficiencies for the modified design compare 
well with similar data on good draft tubes of more recent design. Thus, the 
tests demonstrate that the performance of the Martin Dam draft tubes with 
modification Design A is as good as could be expected. However, previous 
experience with this design, as installed in the prototype, has shown: that it is 
not capable of withstanding the destructive forces imposed on it by the turbine 
discharge. The main object of the new tests, therefore, was to develop a 
remedial structure that could be expected to remain in place for the life of the 
project. It was anticipated that this coud be accomplished with a design 
adapted to simpler and cheaper construction details and methods than those 
required for the 1928 modification. 

The designs considered and tested can be roughly classified on the basis of 
the geometry of the proposed structure: (1) Circular, half-cone fillets located 
at the center of the heel of the tube; (2) pyramids intended to simulate the 
effect of the cones but preferred because of structural simplicity; (3) full-width 
floor wedges located in the heel corners; (4) pedestals located on the floor di- 
rectly below the vertical leg; and (5) full-width roof wedges and floor wedges in 
the horizontal legs of the draft tube. Thirty different designs, most of them 
cones or pyramids, were tested. 

Comparison of Results.—It is not necessary to present the results of effici- 
ency tests made on all the thirty different modification designs tested in order 
to demonstrate the relative merit of the six general varieties listed. In fact, 
the results can be summarized briefly with these comments on the various pro- 
posed designs: 

1. The best of seven conical fillets was the original Design A. Tests made 
on several larger cones, intended to constrict the area of the vertical leg and 
thereby correct the excessive rate of enlargement in that portion of the draft 
tube, were not satisfactory. 

2. Tests on only a few examples of the wedges, corner fillets, and pedestals 
gave sufficient evidence that these structures were either ineffective or, in some 
eases, actually detrimental in their effect on the performance of the draft tube. 

3. Initial tests on pyramids proportioned to simulate the cone of design A 
showed that this form, preferred because of structural simplicity, was the best 
of the proposed substitutes for the original modification. 


Thus, of the thirty different designs tested, fifteen were pyramids, most of which 
differed only slightly, but systematically, from the design finally selected as the 
best. The adopted design, shown as Design P-1 in Fig. 10, is a three-sided 
pyramid located at the center of the heel of the draft tube. Fig. 8(0) is a 
photograph of Design P-1 in place in the model. Fig. 9(b) shows the results of 
efficiency tests made on this model. 

Included in Fig. 10 are three designs in addition to Design P-1. These, 
included for comparison, are typical of the variety of proposed structures they 
represent. Design S-1 is representative of the corner fillets; Design G is a heel 
wedge; and Design R-2 is a medium-height oval pedestal. The results of 
efficiency tests on these three designs are shown in Fig. 9(6). The remarkable 
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ineffectiveness of Designs S-1, G, and R-2 is shown by comparing results of 
tests on these models with tests on the original design and with those on modi- 
fication Designs A and P-1. 

Fig. 9(b) shows clearly that Design P-1 gives results which are generally 
equivalent to those for Design A. Although the efficiency of Design P-1 is 
slightly lower than that for Design A at deflection angles between 5° and 25°, 
its efficiency at OP is about 2% higher. Thus, the design selected on the basis 
of these model tests is believed to satisfy the requirements liste? in the objec- 
tives cf the investigation. 

Pressure Tests.—In order to measure the pressures exerted on the proposed 
remedial structure by the draft-tube discharge, a model of the adopted design 
was equipped with piezometers as shown in Fig. 11. Some or the piezometers 
were placed at points that would give results indicative of the maximum differ- 
ential pressure between opposite faces of the pyramid under various conditions 
of operation. Others were expected to indicate the presence of excessive posi- 
tive or negative (cavitation) pressures at critical points on or near the pyramid. 

Since the pyramid of Design P-1 is symmetrical with respect to the longi- 
tudinal center line of the draft tube, piezometers on either of the lateral faces 
were not duplicated on the opposite face. In order to show the effect of whirl, 
tests were repeated for equal “right”? and “left” deflection angles. The maxi- 
mum differential pressure between corresponding points on opposite faces was 
then computed as the algebraic difference of the measurements made on any one 
piezometer with settings of the deflection vanes of equal angle but opposite sign. 

Pressure measurements on the model, like the efficiency tests, were made 
using a discharge corresponding to a model throat velocity of 7 ft per see. For 
analysis, the piezometric head, A, at each of the piezometers was referred to the 
piezometric head, A,, at a common reference piezometer. Thus, for each pie- 
zometer on the model, a dimensionless pressure ratio was computed as the ratio 
of the difference in piezometric heads (h — h,) to the velocity head at the 


throat, xe This ratio, similar in form to the efficiency ratio, Eq. 5, is also a 
function of the Reynolds number and the entrance flow conditions for any given 
boundary geometry. Tests made at different Reynolds numbers showed that, 
like the efficiency test results of Fig. 7, the pressure ratio was independent of 
the Reynolds number for test velocities at the throat of 7 ft per see and greater. 
Thus, disregarding the possibility that cavitation pressures might exist in the 
prototype, the pressure ratios computed from the model measurements are 
also expected to be constant over the range of Reynolds numbers relating the 
model and the prototype. In other words, the magnitude of the computed 
pressure ratio is independent of the magnitudes of the pressures and velocities 
that existed in the model, and that ratio is directly transferable to the proto- 
type. Only if the computed prototype pressures at any point are less than the 
absolute pressure of the water vapor (when cavitation is indicated) will there 
be any reason to doubt the quantitative indications of the mcdel. 

The results of the pressure tests on the model, converted to equivalent values 
for 4 maximum discharge of 3,860 cu ft per see in the prototype, can be sum- 
marized as follows: 
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1. At no point on or near the pyramid is the pressure less than gage zero— 
that is, all pressures are positive. The maximum positive pressure is approxi- 
mately 13 lb per sq in., corresponding to a pressure head of 30 ft of water. 

2. The maximum differential pressure between opposite faces of the pyra- 
mid is at the location of piezometer No. 4 in Fig. 11. At this point the differ- 
ence is about 4.3 lb per sq in., corresponding to a difference in piezometric 
heads equal io 10 ft of water. 


These results show that pressures in the vicinity of the proposed structure, 
under the least favorable conditions of operation, are not critical. 


CONCLUSIONS 


Laboratory tests made on scale models of draft tubes have been confirmed 
by prototype observations as a means of demonstrating the relative influence of 
draft-tube flow conditions on turbine performance. The following conclusions 
are based on field and laboratory investigations of the Martin Dam draft tubes: 


1. The efficiency of a draft tube as a flow diffuser can be determined from 
model tests. 

2. The effect of whirl on draft-tube efficiency can be simulated by means of 
radial deflection vanes placed upstream from the throat. 

3. Unusual flow conditions in the original draft tubes at Martin Dam are 
responsible for the undesirable performance characteristics revealed by accept- 
ance tests on the turbines. 

4. A simple remedial structure, installed in the Martin Dam draft tubes, 
will correct the undesirable flow conditions. 

5. At no point on the proposed structure will cavitation pressures occur. 
Differential pressure forces will not be excessive. 
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(a) DESIGN S-1 (6) DESIGN P-1 
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